Introduction
Prostate cancer (PCa), a leading cause of cancer mortality in males worldwide, develops through a stepwise process involving prostatic intraepithelial neoplasia (PIN), adenocarcinoma, and metastatic cancer (1) . Genetic and epigenetic alterations, including but not limited to phosphatase and tensin homolog (PTEN) deletion, TMPRSS2-ERG translocation, SPOP mutation, and Myc amplification, facilitate disease progression (2) (3) (4) (5) . Loss of PTEN and hyperactivation of PI3K/AKT signaling are recognized as tumor drivers pathologically linked to PCa (2, 3, 6, 7) . Approximately 30% of primary tumors and up to 70% of metastatic cancers exhibit loss of heterozygosity at the PTEN gene locus (2, 3) . Similarly, genetically engineered mice (GEMs) have revealed a key role of PTEN signaling in PCa (8, 9) . Prostate-specific deletion of Pten (Pten PC−/− ) results in high-grade PIN (HGPIN), with nearly 100% penetrance, which potently develops into prostatic adenocarcinoma after a long latency (8) . Furthermore, Pten loss functionally cooperates with other signal alterations, such as deletion of Tp53 or Nkx3.1 and overexpression of ERG or Kras G12D , to produce fullblown disease in mice (10) (11) (12) (13) (14) . Together, these results highlight the functional importance of PTEN in prostate tumorigenesis. Nevertheless, pharmacological targeting of PTEN or the PI3K/ AKT pathway remains a major hurdle in disease intervention.
Loss of tumor suppressor genes frequently renders cells dependent on genes otherwise not required in normal cells, a phenomenon termed synthetical lethality (15) . One prominent example is the interaction between the BRCA1/2 and PARP genes that has been harnessed to develop successful cancer therapy (16, 17) . Alterations in epigenetic machinery, including mutation or overexpression of chromatin remodelers and modifiers as well as DNA hypermethylation, regulate the plasticity of tumor cells (18) . In line with this notion, studies have indicated that loss of tumor suppressors or gain of oncogenes alters the epigenetic landscape of cancer cells to confer growth advantage, but meanwhile exposes them to unique epigenetic vulnerabilities (18) (19) (20) . Thus, targeting epigenetic vulnerabilities, such as ARID1A/EZH2, ARID1A/ARID1B, and PTEN/CHD1 interactions, leads to synthetic lethality in tumors under specific genetic contexts (21) (22) (23) (24) . For example, the inhibition of EZH2 selectively suppresses the growth of ovarian cancer cells containing loss-of-function variants of ARID1A (21, 22) . Recent studies showed that CHD1 is an essential downstream effector of PTEN that activates TNF-α/NF-κB signaling in PCa (24) .
Large-scale cancer genome profiling studies have identified frequent mutations in various subunits of the mammalian SWI/ SNF chromatin remodeling complex (25) (26) (27) , which consists of Loss of phosphatase and tensin homolog (PTEN) represents one hallmark of prostate cancer (PCa). However, restoration of PTEN or inhibition of the activated PI3K/AKT pathway has shown limited success, prompting us to identify obligate targets for disease intervention. We hypothesized that PTEN loss might expose cells to unique epigenetic vulnerabilities. Here, we identified a synthetic lethal relationship between PTEN and Brahma-related gene 1 (BRG1), an ATPase subunit of the SWI/SNF chromatin remodeling complex. Higher BRG1 expression in tumors with low PTEN expression was associated with a worse clinical outcome. Genetically engineered mice (GEMs) and organoid assays confirmed that ablation of PTEN sensitized the cells to BRG1 depletion. Mechanistically, PTEN loss stabilized BRG1 protein through the inhibition of the AKT/ GSK3β/FBXW7 axis. Increased BRG1 expression in PTEN-deficient PCa cells led to chromatin remodeling into configurations that drove a protumorigenic transcriptome, causing cells to become further addicted to BRG1. Furthermore, we showed in preclinical models that BRG1 antagonist selectively inhibited the progression of PTEN-deficient prostate tumors. Together, our results highlight the synthetic lethal relationship between PTEN and BRG1 and support targeting BRG1 as an effective approach to the treatment of PTEN-deficient PCa.
Chromatin remodeling ATPase BRG1 and PTEN are synthetic lethal in prostate cancer
Results

Screen of chromatin modifiers identifying BRG1 is required for PTEN-deficient PCa cell growth.
Given the recent success in targeting chromatin regulators in cancer, we performed a CRISPRCas9-based screen in 22RV-1 cells with or without PTEN knockdown (PTEN-KD or shPTEN) to identify epigenetic regulators specifically required in PTEN-deficient PCa cells. The library consists of 517 genes encoding epigenetic writers, erasers, and readers (at least 4 sgRNAs per gene; Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/ JCI123557DS1). Cells were continuously passaged for approximately 45 days, and the abundance of each sgRNA was scored by calculating the β score-based fold change relative to their initial representation ( Figure 1A ). The primary screen identified 47 and mutually exclusive Brahma-related gene 1 (BRG1; SMARCA4) or Brahma (BRM; SMARCA2) ATPase subunits. The SWI/SNF chromatin remodeling complex functions in mobilizing nucleosomes and higher-order chromosome dynamics to regulate gene transcription (28) . Despite its initially reported tumor suppressor role in cancer, BRG1 is also known to promote tumorigenesis in pancreatic cancer and colorectal cancer (29) (30) (31) . Thus, BRG1 has an important role in tumorigenesis, not only when downregulated, but also when overexpressed, depending on the cellular and genetic milieu. Nevertheless, the implication and therapeutic potential of BRG1 in PCa remain largely unknown.
Here, we identified a synthetic lethal relationship between PTEN and BRG1 in an unbiased screen. Mechanistically, PTEN loss stabilized BRG1 protein through inhibition of the AKT/ GSK3β/FBXW7-mediated ubiquitin proteasome pathway. Increased BRG1 expression led to chromatin remodeling and initiated a protumorigenic transcriptome. Importantly, we show NAs to compare their effects in 22RV-1 cells with or without PTEN knockdown. As shown by MTT assay, BRG1 was the most potent hit ( Figure 1D ). BRG1 ablation clearly led to the expected difference between PTEN-WT and PTEN-KD cells ( Figure 1D ). In contrast, genes such as SF3B1 and DDX18 did not exhibit this selectivity. Interestingly, multiple SWI/SNF constituents (e.g., SMARCE1/ BAF57 and SMARCA5/SNF2H) were enriched in PTEN-KD cells (Supplemental Figure 1A) , indicating that the SWI/SNF complex 65 gene-targeting sgRNAs with decreased abundance in PTENintact and PTEN-KD cells, respectively ( Figure 1B) , and the genes are summarized in Supplemental Figure 1A . As indicated by the Venn diagram, 33 genes overlapped in both cell types ( Figure 1C ), suggesting that they might be important for the growth of PCa cells regardless of PTEN level. Next, to identify epigenetic regulators important for PTEN-deficient tumors, we focused on another 32 genes and performed a validation screen using individual siR- Limb metastasis is calculated as the mean ± SEM of the bioluminescence signal at day 60 (n = 6 per group, 2-tailed Student's t test). (F) Representative x-ray images of bone metastasis are shown on the left, and the osteolytic area is quantified on the right (n = 8, 2-tailed Student's t test). (G) TRAP-and E-cadherin-stained images as indicated. T, tumor cell; M, bone marrow; arrow, TRAP-positive cell. Scale bar: 50 μm. Data represent mean ± SEM of 3 independent experiments. Statistical analyses were performed by 2-way ANOVA followed by Tukey's multiple comparisons test (A and C). **P < 0.01. BRG1 is important in PTEN-null PCa, we also performed an intracardiac injection assay to determine whether BRG1 downregulation suppressed the metastatic potential of PTEN-null PC3 cells. As reflected by bioluminescence imaging (BLI), mice injected with BRG1-KD cells showed greatly reduced skeletal colonization of tumor cells ( Figure 2E ). Compared with the control subjects, the BRG1-KD group showed a substantial decrease in osteolysis ( Figure 2F ). Along with reduced skeletal metastasis (E-cadherin + cells), positive tartrate-resistant acid phosphatase (TRAP) staining was decreased after loss of BRG1 ( Figure 2G ). Taken ; Brg1 PC-/-mice; Figure 3A and Supplemental Figure 3B ). To better visualize tumor progression, the compound mice were also crossed with Rosa26-LSL luciferase reporter mice. Five-month-old Pten PC-/-mice ( Figure 3E ). Similarly, the decreased proliferative index was confirmed in the prostate of Pten PC-/-; Brg1 PC-/-mice relative to that in Pten PC-/-mice by Ki67 staining (Supplemental Figure 3C) . Collectively, our results demonstrate that BRG1 is critical for the progression of prostate tumors initiated by PTEN deficiency.
To determine the cell-autonomous role of BRG1 in PTEN-deficient tumors, we utilized an organoid platform in which mini-prostates largely recapitulate the histological features of the prostate, including multilayered structures with nuclear AR expression and p63 expression in basal cells (35, 36) . We isolated luminal cells from the prostate of TMPRSS2-Cre ERT2-IRES-GFP ; Pten fl/fl mice, as described previously (35, 36) . Pten deletion was achieved by 4-hydroxytamoxifen (4-OHT), and Brg1 was knocked down via lentiviral transduction ( Figure 3F and Supplemental Figure 3D ). As predicted, Pten loss facilitated organoid formation, and BRG1 might confer a growth advantage to these cells. Therefore, BRG1 was chosen for further analysis, as it is the enzymatic subunit of the SWI/SNF chromatin remodeling complex and can be modulated by small molecule inhibitors.
BRG1 expression correlates with poor outcome in PTEN-low PCa patients. To evaluate the clinical relevance of BRG1 in PCa, we performed IHC with a prevalidated antibody against BRG1 of an Asian radical prostatectomy tissue microarray (TMA) composed of 122 specimens (32, 33) . Examination of prostate specimens showed higher BRG1 expression in tumors (mean = 4.8; n = 122) than in normal tissues (mean = 3.2; n = 87, Figure 1E ). The BRG1 immunostaining intensity tended to positively associate with the Gleason score and PSA levels in tumors (Supplemental Figure 1B) . Patients with elevated BRG1 levels exhibited a higher risk of biochemical recurrence (P = 0.0004; Figure 1F ). We further stratified patients based on PTEN levels. Kaplan-Meier survival estimate analyses revealed that BRG1 protein level was positively associated with worse prognosis in tumors with low PTEN expression (P = 0.010; Figure 1G ). In contrast, the prognostic significance of BRG1 did not reach statistical significance in tumors with high PTEN expression (P = 0.289; Figure 1G ). These results suggest a causal role of BRG1 in prostate tumorigenesis in the context of PTEN deficiency.
BRG1 ablation shows synthetic lethality in PTEN-deficient PCa cells. To determine whether BRG1 is specifically required in PTEN-deficient PCa cells, we first investigated BRG1 functions in a panel of PCa cell lines. Using 2 different shRNA constructs to deplete BRG1 expression (Supplemental Figure 2A) , we found that reduced BRG1 expression significantly attenuated the growth of PTEN-null PCa cells, including PC3, LNCaP, and C4-2 cells (Figure 2A) . In contrast, BRG1 KD did not alter the growth of PTEN-WT PCa cells (22RV-1, BPH-1, and LAPC4 cells; Figure 2A ). A similar dependency on BRG1 was confirmed in anchorage-independent growth assays. Depletion of BRG1 in PC3 and LNCaP cells, but not 22RV-1 cells, profoundly inhibited colony formation (Supplemental Figure 2B ). Importantly, we showed that restoration of PTEN in PTEN-null cells (PC3 and LNCaP cells) rendered them insensitive to BRG1 downregulation (Supplemental Figure 2C ). We next asked whether the protumorigenic functions of BRG1 are dependent on its chromatin-remodeling activity. Reexpression of WT, but not ATPase-deficient BRG1, restored the defects in colony formation and cellular migration of BRG1-depleted cells ( Figure 2B ).
Given the genetic and epigenetic heterogeneity of PCa cells, we ablated BRG1 alone or in combination with PTEN in the same cells. Consistently, PTEN KD accelerated cellular proliferation as predicted, and BRG1 loss alone did not have any discernible effects on the growth of 22RV-1 and LAPC4 cells ( Figure 2C ). In sharp contrast, PTEN KD greatly sensitized the cells to BRG1 depletion. We showed that PTEN/BRG1 double KD curtailed cell growth to basal levels ( Figure 2C ). This result was strengthened by the xenograft assay results. We showed that PTEN-KD 22RV-1 cells were vulnerable to BRG1 deletion, indicating a synthetic lethal relationship ( Figure 2D ) and found that BRG1 KD still inhibited the growth of organoid (Supplemental Figure 3F ). Likewise, overexpression of patient-derived SPOP mutants (F133V) in PC3 and 22RV-1 PTEN-KD cells did not alter the sensitivity to BRG1 downregulation (Supplemental Figure 3G) . Thus, GEMs and organoid assays collectively demonstrate the critical and specific functions of Brg1 in Pten-mutated PCa.
PTEN loss modulates the AKT-GSK3β signaling axis to increase BRG1 protein stability. Next, we aimed to explore the molecular basis by which PTEN loss sensitizes cells to BRG1 ablation. We noticed that BRG1 protein levels were higher in PTEN-null PCa cells (PC3, LNCaP, and C4-2 cells) than in normal prostate epithelial cells (RWPE-1 cells and the mouse anterior prostate [mAP]) or PTEN-WT PCa cells (BPH-1, 22RV-1 and LAPC4 cells) ( Figure 4A ). Similar results were observed in the Pten PC−/− mouse prostate. The levels of BRG1 protein, not mRNA, were markedly depletion did not affect the initiating capacity or size of Pten-WT organoids ( Figure 3F ). In contrast, we found that BRG1 ablation profoundly reduced the clonogenic potential of Pten-deficient organoids, as reflected by organoid size and the number of Ki67 + cells (Figure 3 , F and G). To further determine whether Brg1 is specifically required for Pten-deficient tumors, we evaluated the consequence of BRG1 KD in organoids derived from prostatic c-Mycoverexpressing mice (37) . Myc amplification or overexpression is commonly found in human tumors (2, 3) . Thus, this model likely represents a subset of human PCa distinct from that driven by PTEN loss. Indeed, we showed that Brg1 ablation did not alter the tumorigenic potential elicited by c-Myc overexpression ( Figure 3H and Supplemental Figure 3E ). Next, we asked whether other common genetic changes in PCa, such as p53 deletion or SPOP mutation, could affect the synthetic relationship between PTEN and BRG1. To this end, we used the organoid model generated from In the context of PTEN loss, the most pronounced signaling event is the constitutive activation of AKT, which influences proteasome-dependent protein degradation (33, 38) . Indeed, we showed that the inhibition of AKT signaling by siRNA-KD or LY294002 treatment attenuated BRG1 stability without changing its mRNA level ( Figure 4 , E and F). Consistently, cotreatment of cells with MG132 and LY294002 prevented the degradation of BRG1 protein ( Figure 4F ), emphasizing that PTEN loss activates the AKT axis to stabilize BRG1 in a proteasome-dependent manner. AKT phosphorylates glycogen synthase kinase-3β (GSK3β) at serine 9 and inhibits its kinase activity (39-41). We therefore speculated that PTEN loss stabilizes BRG1 by impairing GSK3β activity. In line with this possibility, we first demonstrated that BRG1 interacted with GSK3β in cells ( Figure 4G ). GST pull-down analysis revealed that the carboxy-terminus of BRG1 (aa 1300-1647) was responsible for the direct association between BRG1 and GSK3β (Supplemental Figure 4B) . Functionally, overexpression of WT or constitutively active GSK3β (GSK3β-S9A) attenuated the half-life of BRG1 protein in HEK293 cells (Supplemental Figure 4C ). More importantly, depletion of GSK3β in AKT-KD PC3 cells prolonged the half-life of BRG1 protein, indicating that PTEN-AKT stabilized BRG1 via GSK3β ( Figure 4H ). The regulation of BRG1 by PTEN was reinforced by patient specimen analysis. A negative correlation between BRG1 and PTEN protein was observed in TMAs consisting of 122 PCa samples (r = -0.427, P < 0.0001; Figure 4I ). Together, our results demonstrate that the PTEN/AKT/GSK3β signaling axis governs BRG1 stability in PCa cells. Thus, BRG1 is upregulated in PTEN-deficient tumors, which might cause the cells to rely on BRG1 presence. PTEN loss stabilizes BRG1 through inhibition of the GSK3β/ FBXW7-mediated ubiquitin proteasome pathway. We sought to determine the regulatory mechanism by which PTEN/AKT/ GSK3β modulates BRG1 stability. Previous studies have reported that GSK3β directly phosphorylates its substrates, which facilitates recognition by an E3 ligase for subsequent protein destruction (24, 41, 42) . Interestingly, consensus sequence alignment revealed an evolutionarily conserved GSK3β phosphorylation sequence (XpS/ TGXXpS/T) at S1417 and S1421 in the carboxy terminus of BRG1 ( Figure 5A ). Mass spectrometry experiments verified that both S1417 and S1421 were phosphorylated in HEK293 cells, and these phosphorylation signals were further enhanced upon GSK3β overexpression (Supplemental Figure 5A) . To determine whether GSK3β indeed directly phosphorylates BRG1, we performed in vitro kinase assays. The results showed that only WT BRG1, not the mutant BRG1-S1417A/S1421A (BRG1-SA), was efficiently phosphorylated by GSK3β (Figure 5B ), supporting a direct role for GSK3β in phosphorylating BRG1 at S1417/1421. We further generated an antibody that specifically recognized phosphorylation of BRG1 at S1417/1421 (Supplemental Figure 5B) . Restoration of PTEN in PC3 cells profoundly enhanced endogenous phospho-BRG1-S1417/1421 levels, whereas inhibition of GSK3β kinase activity by CHIR-99021 treatment efficiently blunted this phosphorylation event ( Figure 5C ). Notably, λ-phosphatase treatment verified that the detected phosphorylation signal was specific ( Figure 5C ).
FBXW7 and β-TrCP are known Skp1-Cullin1-F-box protein E3 ubiquitin ligases involved in PTEN/GSK3β-mediated protein destruction (24, 43, 44) . Using an siRNA-KD approach, we found To substantiate this observation, we substituted S1417/1421 in endogenous BRG1 for Ala or Asp in PC3 cells by CRISPR-Cas9 technology and thereby generated SA and SD cells, respectively (Supplemental Figure 5E ). Indeed, BRG1-SD protein exhibited more pronounced degradation and polyubiquitination, whereas BRG1-SA was more stable than its WT counterpart ( Figure 5H and Supplemental Figure 5F ). MG132 treatment attenuated the accelerated degradation of BRG1-SD protein (Supplemental Figure 5G) . Along with the diminished phosphorylation of BRG1 in SA cells, there was less binding to FBXW7, whereas the SD mutant showed increased binding to FBXW7 ( Figure 5I ). Together, these results indicate that the phosphorylation of BRG1-S1417/1421 mediated by GSK3β facilitates its recognition by the SCF-FBXW7 E3 ligase, leading to BRG1 destruction. The significance of BRG1-S1417/1421 phosphorylation was further evaluated in a xenograft model ( Figure 5J ). We showed that SA cells were more tumorigenic, whereas SD cell-derived xenografts were significantly smaller than those derived from WT PC3 cells. Further examination of PCa specimens revealed the tight association between PTEN and phospho-S1417/1421 levels in 30 PCa specimens (r = 0.688, P = 5.5 ×10 -5
; Figure 5K ). In addition, an inverse correlation was observed between BRG1 and phosthat silencing FBXW7, not β-TrCP, greatly enhanced BRG1 protein levels in PCa cells (Supplemental Figure 5C) . Similarly, FBXW7 overexpression stimulated the polyubiquitination of BRG1 in PC3 cells ( Figure 5D ). Consistently, ablation of FBXW7 restored BRG1 protein levels in AKT-depleted cells (Figure 5E ), establishing a causal link between PTEN-AKT and FBXW7 in modulating BRG1 stability. Next, we conducted an in vitro ubiquitination assay to determine whether FBXW7 indeed targets BRG1 for degradation upon phosphorylation by GSK3β. IB with anti-ubiquitin antibodies revealed that polyubiquitinated forms of BRG1 were markedly reduced when alanine was substituted for serine (BRG1-S1417A/ S1421A, BRG1-SA), whereas the phospho-mimic BRG1-S1417D/ S1421D (BRG1-SD) protein exhibited significantly more polyubiquitination than the WT protein ( Figure 5F ). Similarly, exogenously expressed BRG1-SD protein displayed an enhanced turnover rate compared with that of WT BRG1 protein, whereas BRG1-SA was more stable in HEK293 cells (Supplemental Figure 5D) . We further demonstrated that P-S1417/1421-BRG1 facilitated the direct binding between FBXW7 and BRG1 in HEK293 cells. BRG1-SA was dissociated from FBXW7, whereas the phospho-mimic BRG1-SD protein exhibited enhanced binding to FBXW7 ( Figure 5G ). Figure 6C ). A few representative tracts showed that BRG1 loss led to decreased DNA accessibility at the ETV-1 and CAV-2 gene loci ( Figure 6D ). Together, our results indicate that BRG1 loss leads to marked changes in chromatin dynamics in PTEN-deficient tumors.
To identify the putative targets of BRG1 in PTEN-deficient PCa, we aligned the BRG1 peaks with the changes in OCRs and DEGs; 553 genes overlapped and were termed the PTENdependent BRG1 signature ( Figure 6E ). KEGG pathway analysis revealed that these genes were related to signals regulating pluripotency of stem cells, axon guidance, transcriptional misregulation in cancer, and the MAPK signaling pathway (Supplemental Figure  6D) . Next, we showed that the PTEN-dependent BRG1 signature stratified the patients by K-means clustering into 2 groups that exhibited significant differences in risk for biochemical recurrence ( Figure 6F ). In addition, by comparing gene sets differentially expressed in PTEN-WT and PTEN-null tumors, we found that PTEN-null tumors exhibited high activity of the BRG1 signature (Supplemental Figure 6E) .
BRG1 regulates c-Myc and MAPK signaling in PTEN-deficient cells.
Although it is difficult to attribute BRG1 function to a discrete target gene, we measured the expression of several genes known to be important for prostate tumorigenesis. Genes reprepho-S1417/1421 levels (r = -0.600, P = 0.0007; Figure 5K ). Cumulatively, these results establish that the PTEN/AKT/GSK3β axis regulates BRG1 degradation through the FBXW7-dependent ubiquitin proteasome pathway.
BRG1 alters the transcriptome in PTEN-deficient cells to promote tumorigenesis.
To investigate why PTEN-deficient tumors depend on BRG1 upregulation, we performed transcriptome profiling analysis in BRG1-depleted 22RV-1 cells with or without PTEN ablation. Through unsupervised cluster analysis of differentially expressed genes (DEGs), we found that the expression of 5489 genes was significantly altered in PTEN/BRG1 double-KD cells, whereas these genes showed distinct expression patterns in control, BRG1-KD, and PTEN-KD cells (Supplemental Figure 6A) . In line with these findings, the KEGG-DEG relationship network indicated that BRG1 loss in PTEN-deficient cells significantly altered processes related to PCa, cell cycle, and cell motility (Supplemental Figure 6B) . The differential expression of selected genes was verified by quantitative reverse-transcriptase PCR (RT-qPCR), and the results were summarized in a heatmap (Figure 6A) . To identify the downstream targets and pathways mediated by BRG1, we performed ChIP-Seq in control and PTEN-KD 22RV-1 cells. PTEN ablation led to a global increase in BRG1 occupancy at BRG1 peaks ( Figure 6B and Supplemental Figure  6C ). In total, 6279 genes (67.9% BRG1-binding genes) showed enhanced BRG1 bindings in PTEN-KD cells than that in control cells. Given that BRG1 is a central ATPase subunit that mobilizes nucleosomes, we reasoned that BRG1 ablation in PTEN-deficient cells might impair chromatin configurations. To test this possibility, assay for transposase-accessible chromatin using sequencing loss markedly reduced H3K9ac levels at the c-Myc, ETV-1, K-Ras, and BMI1 gene loci ( Figure 7B ). Because H3K27ac distinguishes active from poised and inactive chromatin (45), we consistently detected simultaneous increases in H3K27me3 at the same loci ( Figure 7B ). These results indicate that BRG1 loss favors a suppressive chromatin state to suppress gene expression. Focusing on the sentative of key regulator in PCa, MAPK signal, and epigenetic regulator were chosen, including c-Myc, ETV-1, NCoA2, ERRB2, FGFR3, K-Ras, Sin3A, BMI1, and DOT1L ( Figure 7A ). Independent ChIP-qPCR experiments confirmed that BRG1 was present at these gene loci, consistent with a direct role for this subunit in SWI/SNF targeting ( Figure 7B ). ChIP-qPCR showed that BRG1 
Discussion
Cancer cells acquire molecular changes distinct from those in normal cells, which potentially exposes them to new epigenetic vulnerabilities (46) . Thus, targeting chromatin regulators based on oncogene addiction can potentially lead to synthetic lethality in tumor cells (21, 47) . It is well appreciated that cell identities are determined by transcription factors and epigenetic factors (24, 33) , but how signaling molecules such as PTEN alter the cellular state is less understood. Our previous work demonstrated that PTEN loss can activate WHSC1, an H3K36 histone dimethyltransferase controlling the transcription of a large portion of genes (33) . Here, we determined that BRG1, another chromatin modifier that controls transcription, is dysregulated in PTEN-deficient PCa cells ( Figure 8G ). Work from other labs has also identified CHD1 and EZH2 as PTEN targets (24, 48) . Thus, it is intriguing to speculate that PTEN alters the cellular state by regulating epigenetic factors. We anticipate that more epigenetic factors will be identified under this paradigm. It is unlikely that PTEN loss by itself is sufficient to change cell identity; multiple gene mutations are usually required for full-blown tumorigenesis. It will be of great interest to investigate how other signaling molecules converge at transcriptional and epigenetic regulation to alter the cellular state. Ultimately, this knowledge will lead to the identification of novel therapeutic targets to selectively target tumor cells. The role of BRG1 in cancer appears to be dependent on tumor type and subunit (25, 31) . Frequent mutation and/or loss of expression of the catalytic subunit of BRG1 has been reported (26, 27) . Nevertheless, an increasing number of studies have revealed the positive role of BRG1 in tumor initiation and progression (29, 30) . Mammalian SWI/SNF enzymes regulate some constitutively expressed genes and are also closely linked to the reprogramming of gene expression in response to environmental or oncogenic insults (28) . Using The Cancer Genome Atlas (TCGA) and other data sets, we found no statistical evidence for a mutually exclusive deletion pattern between PTEN and BRG1, possibly due to the low mutation or deletion frequency of BRG1 in PCa patients (Supplemental Figure 8A ). Thus, BRG1 expression or its activity is potentially more important. Here, we showed that PTEN loss stimulates BRG1 expression through inhibition of the GSK3β/FBXW7-mediated ubiquitin proteasome pathway. Phosphorylation of BRG1 at S1417/1421 serves as a molecular switch to determine BRG1 protein levels in PCa cells. Thus, our results support the notion that synthetic lethal partners can also serve as downstream effectors of a tumor suppressor gene (24) .
Our findings indicate that PTEN-deficient PCa cells are epigenetically distinct from PTEN-WT cells, with the former relying on BRG1 to modulate chromatin dynamics and gene expression. It is difficult to pinpoint the unique gene, if one exists, as the target of BRG1 responsible for tumorigenesis. Instead, our results suggest that multiple important oncogenes are regulated by BRG1. The c-Myc is a well-known positive regulator of cell growth, and its overexpression is commonly found in a wide variety of human cancers (49) . In addition, ETS-2, NCoA2, and BMI1 are known to be important for prostate tumorigenesis (4, 50, 51) . In addition, studies have demonstrated that MAPK signaling is critical for prostate malignancy (13) . We showed that several key molecules involved in MAPK signaling, including FGFR3, ERBB2, and KRAS, were deregulated in the absence of BRG1 and that phospho-ERK c-Myc and MAPK signals, we verified that c-Myc expression and phospho-ERK stimulation were downregulated to basal levels in PTEN/BRG1-KD cells compared with PTEN-deleted cells ( Figure  7, C and D) . Next, we extended our analysis to GEMs and showed that c-Myc and phospho-ERK levels were reduced in the prostates of Pten PC-/-; Brg1 PC-/-mice relative to those in Pten PC-/-mice ( Figure 7E and Supplemental Figure 6F ). Moreover, a tight correlation between BRG1 transcriptome and genes linked to c-Myc and MAPK signaling was observed in PCa patients (Supplemental Figure 6G) . Together, these data suggest that BRG1 remodels the chromatin configuration in PTEN-deficient PCa cells and initiates a protumorigenic transcriptome profile involving c-Myc and MAPK signaling, causing the cells to become dependent on BRG1.
BRG1 antagonist inhibits PTEN-deficient tumor progression. We investigated whether BRG1 inhibition with PFI-3, a cell-permeable inhibitor of BRG1 (SMARCA4) and BRM (also known as SMAR-CA2), has therapeutic efficacy in PTEN-deficient preclinical models. We found that depletion of PTEN greatly sensitized cells to PFI-3 treatment ( Figure 8A ). PFI-3 administration profoundly compromised the growth of PTEN-null PC3 cells and PTEN-depleted 22RV-1 cells, whereas no further inhibitory effects were seen in BRG1-depleted cells (Supplemental Figure 7A) . Importantly, PFI-3 treatment at the same concentration did not alter the growth of PTEN-WT 22RV-1 cells (Supplemental Figure 7A ). This result was not surprising, as there is little or no druggable target (BRG1 protein) in WT 22RV-1 cells. Similar results were obtained in xenograft assays. Once the tumor size reached 50-100 mm 3 , mice received PFI-3 once a week and tumor volume was measured at the indicated time points ( Figure 8B ). PFI-3 administration to mice compromised the progression of xenografts derived from PTEN-deficient cells (PC3 and PTEN-KD 22RV-1 cells), whereas no effect was seen in xenografts derived from WT 22RV-1 cells ( Figure 8B ). Notably, we found that the antagonist did not cause further inhibitory effects in tumors derived from BRG1-depleted cells ( Figure 8B ). Next, using organoid assays, we showed that treatment with PFI-3 impaired the clonogenic potential of organoids derived from Ptennull mice, whereas c-Myc-overexpressing organoids showed no discernible response to PFI-3 ( Figure 8, C and D) . Similarly, PFI-3 treatment did not further reduce the size of BRG1-deficient organoids (Pten deletion or c-Myc overexpression context, Figure 8 , C and D), indicating the specificity of PFI-3 for BRG1.
Finally, we carried out preclinical studies using Pten PC-/-mice, which were randomized to receive vehicle or PFI-3 at 2.5 months old, a time point when PIN is discernible. MRI indicated that PFI-3 treatment led to a dramatic reduction in tumor volume (mean tumor volume reduction of approximately 43%), with near-complete pathologic responses in all mice tested (n = 5; Figure 8E ). In contrast to the characterization of neoplasms in the vehicle group, neoplasms in PFI-3-treated mice were characterized as hyperplasia or LGPIN ( Figure 8F ). Consistently, antagonist-treated Pten PC-/-tumors displayed a drastic decrease in the frequency of Ki-67-positive mitotic cells along with an induction of apoptosis (Supplemental Figure 7B) . Notably, PFI-3 treatment was tolerated well in mice because it did not cause significant weight loss, lethargy, or feeding abnormalities (Supplemental chased from GV20 Oncotherapy Biotechnology Co. After 3 days of puromycin selection, the surviving cells were stored as 0-day control samples, and more than 3 × 10 6 cells (at least ×1000 coverage) were passaged every 4 to 5 days (around 10 passages) during the continuous 45-day course. Then PCR was performed based on adaptor sequence to construct the sequencing library. Each library was sequenced at about 40 million reads to achieve approximately ×200 average coverage over the CRISPR library, and data were analyzed by MAGeCK and MAGeCK-VISPR (54, 55) . sgRNA counts were determined based on perfectly matched sequencing reads only. The sgRNA fold change was calculated by β score (log 2 fold change ≥ 0.585), and significance was defined as P < 0.01. Analysis of human TMAs. An Asian radical prostatectomy cohort was described previously (32, 33) . Briefly, tissue samples and clinical parameters of 122 PCa patients who underwent a radical prostatectomy were collected; these are listed in Supplemental Table 2 . IHC analyses were performed using anti-BRG1 (Abcam, catalog ab110641) and anti-PTEN (Cell Signaling Technology, catalog 9559) antibodies. BRG1 and PTEN protein expressions were scored and quantified by pathologists blinded to the outcome of the cases. BRG1 protein quantification is based on a multiplicative index of the average staining intensity (0 to 3) and the extent of staining (0 to 3) in cores, yielding a 10-point staining index ranging from 0 (no staining) to 9 (strong staining). The staining score ≤ 4 was defined as BRG1 low expression, whereas the score higher than 4 was referred as BRG1 high expression. PTEN protein was visually scored using a dichotomous scoring system as previously described (56) . In brief, each spot of tumor tissue was scored as negative or positive for PTEN protein by comparing staining in malignant glands with that of adjacent benign glands and/or stroma, which provided an internal positive control within each tissue core. Staining was classified as negative if the intensity was markedly decreased or entirely negative across all tumor cells compared with the surrounding benign glands and/or stroma.
Animal experiments. All mice were maintained in a specific pathogen-free facility. on the C57BL/6 background. Histology was graded using previously described nomenclature and criteria (59) . In brief, HGPIN was characterized by intraglandular proliferation of crowding cells with atypia and cribriform formation or the development of multilayered solid glandular structures. Adenocarcinoma was indicated by the atypical cells that break the basal membrane. The quantitative results of histology were derived from 5 random slides for each mouse of the entire animal cohort, as described (60) . Briefly, for each animal, 5 random fields were captured; these were further divided into 4 quadrants. In each quadrant, the most advanced histological feature (hyperplasia, LGPIN, HGPIN, or Adeno) was recorded for quantifilevels were decreased in the prostate of Pten PC-/-; Brg1 PC-/-mice. Thus, as these genes are direct targets of BRG1 in PTEN-deficient PCa cells, it is not surprising that prostate tumorigenesis was largely compromised after BRG1 ablation.
Chromatin remodeling is instrumental in oncogenesis and can be therapeutically targeted. So far, specific pharmacologic inhibitors of BRG1 have not been developed. Given that PFI-3 is a potent antagonist of both BRG1 and BRM, we included BRG1-depleted cells to address BRG1 dependence in the present studies. However, as tumor malignancy was already curtailed to basal levels after BRG1 loss, we cannot fully exclude BRM dependence in this setting. Nevertheless, we used an siRNA KD approach to deplete BRM in PCa cells and found that BRM depletion did not affect PCa cell growth (Supplemental Figure 8B) . Therefore, PFI-3 is unlikely to have exerted its function on BRM. This result is not surprising, as BRG1 and BRM have distinct roles in many physiological and pathological processes. Inactivation of BRG1 is embryonic lethal, whereas inactivation of BRM results in viable animals without any overt deficiencies (52, 53) . In addition, we also extended our analysis of PTEN and BRG1 in other tumor types. We found that BRG1 silencing inhibited the growth of PTEN-null glioma cells (U87MG and A172 cells), but not PTEN-WT glioma cells (LN-229 and LN-18 cells) (Supplemental Figure 8C ). In addition, PTEN KD greatly sensitized the melanoma (A375) and breast cancer cells (MCF7) to BRG1 inhibition (Supplemental Figure 8D ). In summary, we establish a synthetical relationship between PTEN and BRG1 and provide a rational to develop BRG1 antagonists to treat PTEN-deficient PCa. Whether this observation holds true in other cancer types in vivo is of great interest for future investigation, considering that PTEN function is frequently disabled in a variety of tumors.
Methods
Please see the Supplemental Methods for information on expression plasmids, sgRNAs, siRNAs, ChIP assays, GST pull-down assays, IP, Western blotting, in vitro ubiquitination and kinase assays, primers (Supplemental Table 4 ), and mass spectrometry procedures.
Cell culture and treatments. Cells were all purchased from ATCC or Cell Bank, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. Cells were cultured in standard DMEM or RPMI 1640 supplemented with 10% FBS. Scrambled, nontargeting siRNA was used as negative control for transient siRNA knockdown. Lentivirus was used to establish individual stable cells, and corresponding empty vectors were used as the controls for stable cell knockdown (by shRNA) or overexpression. Standard 24-well Boyden invasion chambers (BD Biosciences) were used to assess cell-migration abilities. 3T3 cells were defined as the MAPK signature (GEO GSE4739, fold change ≥ 1.5, P < 0.05). The c-Myc gene signature was derived from genes differentially expressed between c-Myc-transgenic and control mice (GEO GSE10954, fold change ≥ 1.5, P < 0.05). To define the degree of gene signature manifestation within the profiles from an external human tumor data set (e.g., TCGA), we used the previously described t score metric (50, 60) . For example, the t score was defined for each external profile as the 2-sided t statistic comparing the average of the BRG1-induced genes to the average of the BRG1-repressed genes (genes within the human tumor data set were first centered to standard deviations from the median of the primary tumor specimens). For a given data set, the t score contrasted the patterns of the BRG1-induced genes against those of the BRG1-repressed genes to derive a single value denoting the coordinate expression of the 2 gene sets. The K-means clustering algorithm described previously (67) 
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cation. Thus, the numbers of each subtype of lesions in each experimental group were established, and the percentages of different subtypes of lesions were compared. Statistical significance between groups was determined by the χ 2 test.
Mouse prostatic organoid generation and experiments. Prostate tissues were extracted from TMPRSS2
Cre were sorted by GFP to isolate luminal cells. The Myc-overexpressing organoids were generated from Hi-Myc mice as previously described (37) . Cells were plated in Matrigel (BD) and covered with mouse media containing 50× diluted B27, 1.25 mM N-acetyl-l-cysteine, 50 ng/ml EGF, 200 nM A83-01, 100 ng/ml Noggin, 500 ng/ml R-spondin 1, 10 μM Y-27632, and 1 nM dihydrotestosterone. To delete Pten, CreERT2 was activated by adding 1 μM 4-OHT (Sigma-Aldrich) into the media overnight. Then the cells were infected with empty vector or shBRG1 lentivirus, and puromycin was used for selection. For organoid formation assays, 2000 cells were plated per well on day 1, and the number and size of the organoids were determined on day 9. RNA-Seq, ChIP-Seq, ATAC-Seq, and data analysis. Total RNA from 22RV-1 (PTEN-WT or PTEN-KD) cells with or without BRG1 ablation was subjected to HiSeq RNA-Seq, which was performed by BGI Tech Solutions Co. Each sample contained pooled RNA from 3 biological replicas and was mixed with an equal mass of RNA to minimize variation across samples. Transcriptome reads from RNA-Seq experiments were mapped to the reference genome (hg19) using the Bowtie tool. The gene expression level was quantified by the RSEM software package. We detected DEGs with the possion distribution method (61) , which has been used in previous studies (62) (63) (64) . Briefly, given that every gene's expression occupies only a small part of the library, the number of reads from gene A yields to the Poisson distribution. The probability of gene A expressed equally between 2 samples was calculated, after which the P value could be corrected by Bonferroni's method. Meanwhile, correction for false positive and false negative errors was performed using the FDR method. We used FDR of 0.001 or less and the absolute value of the log 2 ratio 1 or more as the default threshold to determine the significance of the gene expression difference. For the ChIP-Seq assay, chromatin was prepared from 3 biological replicates of control and PTEN-deleted 22RV-1 cells, and ChIP-Seq assays were then performed by Active Motif Inc. using an antibody against BRG1 (Abcam, catalog ab110641). Seventy-five nucleotide reads generated by Illumina sequencing were mapped to the genome using the BWA algorithm with default settings. RNASeq, ChIP-Seq, and ATAC-Seq data were deposited in the NCBI's Gene Expression Omnibus database (GEO GSE115619). The average profile for tag distributions was generated using SitePro and deeptools2 (65, 66) . ATAC-Seq of PTEN-KD and PTEN/BRG1-KD 22RV-1 cells was performed by Romics. Quality filtered reads were then mapped to the GRCh37/hg19 reference genome using BWA (0.7.10). MACS2 was used to call peaks, and an initial threshold q value of 0.01 was set as the cutoff.
Analysis of BRG1, MAPK, and c-Myc signatures in PCa patients. Analysis of human PCa data sets (Supplemental Table 3 ) was carried out essentially as previously described (50, 60) . The BRG1 signature was derived from the gene expression profile of our own data set with a criteria fold change of 2 or more and an FDR of less than 0.001. Genes upregulated or downregulated after U0126 treatment in NIH-
